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SUMMARY

This report discusses the handling qualities of the X-24B research
aircraft and those design features which contributed to aircraft handling
characteristics. These include a description of the aircraft, flight
control system, and a discussion of wind tunnel and flight test stability
derivatives of the aircraft.

Handling qualites, with a few minor exceptions, were excellent for
subsonic flight and the approach and landing task. Handling qualities
with the rocket engine off were adequate-to-good for the transonic and
supersonic areas. Power-on flying qualities were degraded by low
directional stability. Roll and pitch control was adequate or good for
all phases of flight. Pilot-induced-oscillationsin pitch and roll were
nonexistent with the augmentation system on and present only at limited
conditions with the augmentation system off.

Predictions of the stability derivatives were accurate in most cases.
Values of angle of attack derivatives were lower than predicted sub-
sonically but agreed well at transonic and supersonic Mach numbers.
Sideslip derivatives agreed well except for the subsonic, mid-angle of
attack range, where directional stability was higher than predicted,
and the supersonic, high-angle of attack range where directional
stability was lower than predicted. Power effects from the rocket engine
were found to cause significant degradations in sideslip derivatives.
Control derivatives were equal to or slightly higher than predicted
except for yaw-due-to aileron, which was lower than wind tunnel estimates.
Damping derivative data were scattered but generally agreed with pre-
flight calculations.

Much of the flight control system was common to that used in the
X-24A, and hence the design of new flight control system components was
limited. New features included the addition of ailerons and the modifi-
cation of the X-24A variable lower flap gearing to a fixed gain system.
Specifications for these designs were determined by five degree-of-
freedom simulator studies performed at the Air Force Flight Test Center.
Performance of the flight control system was excellent. This was
attributed, in part, to the use of subsystems that had already been
developed and proven during the X-24A program.
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PREFACE

This report is written as one of several documenting the: flight tesgt
Program of the X-~24B research aircraft, Other aspects of tle test pro-
gram are detailed in references 1, 2, and 11. The x-24B Program was
accomplished in a joint effort between the Air Force Flight Dynamics
Laboratory (AFFDL), the Air Force Flight Test Center (AFFTC) and the
National Aeronautics and Space Administration Dryden Flight Research
Center (NASA-DFRC) ., Participation in the X-24B Program was authorized
by Project Directive 73-87 and was accomplished under JON 1366A0.

The authors wish to thank the hundreds of people who contributed to
the success of the X-24B program. The teamwork and cooperation exhibited
by members of AFFDL, AFFTC, and NASA-DFRC serve as an excellent model
for future programs. Special acknowledgement and appreciation are ex-~
tended to those who contributed to the Publication of thig report.

Mr. David F. Richardson determined the longitudinal trim curves for the

some of the handling qualitjes analyses and developed the wind shear
techniques discussed in Appendix C. Alex G. §im, of NASA-DFRG extracted
many of the flight test derivatives found in this report.
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INTRODUCTION

Program Description

The task of designing an aircraft with reasonable hypersonic, super-
sonic, and subsonic performance is difficult, but when the additional
requirement of adequate stability and good handling qualities is given,
the task becomes a formidable challenge. The FDL-8 aercdynamic shape,
from which the X-24B evolved, was designed to address this challenge,
and the X-24B program proved the success of iic design at subsonic and
supersonic flight conditions.

The X-24B free flight tests were conducted between 1 August 1973
and 26 November 1975. The basic research flight program was primarily
an incrementail M&¢h number and angle of attack envelope expansion
program requiring 6 glide flights and 24 powered flights. A typical
mission began after launch from an NB-52B mothership. The rocket
engine was ignited, and the aircraft accelerated to the planned maximum
Mach number and altitude. After the rocket engine was shut down, the
aircraft glided back to a landing on the Rogers Dry Lake. The total
time for each powered flight was about seven minutes of which from
three to four minutes were devoted to handling qualities, performance,
and derivative extraction maneuvers. After completion of the 30-flight
research program, 6 additional glide flights w vre flown to checkout 3
new pilots.

Two of the key objectives of the test program were: (1) to evaluate
the aircraft's handling qualities and (2) to assess the ability of
ground prediction techniques to accurately predict the flight character-
istics of this unusual aerodynamic shape.., An overview of the flight
test program is presented in reference 1.

This report will discuss the X-24B handling qualities, which were
good in most areas. Stability derivatives, which were extracted from
flight test data, will be presented along with the corresponding wind
tunnel predictions. The flight control system and its performance will
also be discussed in some detail.

Vehicie Oescription

Aerodynamic Shope

The X-24B was a piloted, rocket-powered research aircraft with a
double delta planform. The sweep of the planform was 780 on the fore-
body of the aircraft and 720 on the aft portion. The double delta con-
figuration was adopted to provide the required static margin for adequate
longitudinal stability by moving the aerodynamic center of pressure aft.

1Reference I: Armstrong, Johnny G., Flight Planning and Conduct of the

X-24B Research Aircraft Flight Test Pro ram, TC-TR-76-4, Alr Force
FITight Test Center, Edwards %FE, California, to be published.
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The aircraft featured a flat bottom for increased hypersonic lift-to~
drag ratio, with a 39 forebody ramp for hypersonic trim. The aircraft
sides were sloped at 60° to maintain heating predictability and to add
negative dihedral effect. The top of the aircraft was rounded and con-
nected the two slanted sides. Directional stability was provided by
two outhbvard vertical fins and a center fin. In addition to directional
stability, the outboard fins also contributed a large positive dihedral
effect. A three view drawing of the X-24B is shown in figure 1, and
some typical mass and dimensional numbers are given in table 1. A more
detailed discussion of the method of determining mass characteristics
is contained in reference 1. .

Flight Control System

The X-24B control system was basically a modification of the X-24A
system. Ten surfaces were available for aerodynamic control of the X-24B.
These consisted of the following: two upper flaps, two lower flaps,
two upper rudders, two lower rudders, and two ailerons. These sur-
faces are depicted in figure 2 . The two upper flaps were moved
symmeirically as an upper flap bias (8Ug) . The two lower flaps also
moved symmetrically and provided primary pitch control (6er) . when the
iower flaps retracted to zero, pitch control was transferred mechanically
to the upper flaps (GeU). All four rudders could be biased symmetrically
az a rudder bias (5Rp), and only the upper rudders (6r) provided yaw
control. The rudder bias differed from a rudder trim in that all four
rudder biased inward or outward together; the rudder bias did not cause
a yawing moment on the aircraft. The aileron surfaces could be deflect-~
ed differentially (éa) for roll control or could be biased symmetrically
(8Ap) for additional pitch trimming. Pilot inputs were provided through
a conventional center stick for pitch and roll, and rudder pedals for
yaw. The aircraft was artificially stabilized in all three axes by a
triply-redundant, rate-feedback stability augmentation system (SAS).

The SAS feedback gain for each axis was controlled by the pilot via a
seven position rotary switch and a zero-gain mode switch. In addition
to the pilot and SAS commands, two other inputs were made for yaw con-
trol. An aileron-to-rudder interconnect was provided to minimize ad-
verse sideslip during aileron inputs, and, midway through the test
program, a lateral acceleration feedback system was installed to help
control steady-state-sideslip at transonic and supersonic Mach numbers
with the rocket engine on. A complete description of the flight control
system is included in Appendix D along with a review of system per=-
formance during the conduct of the flight program.

Conﬂgumﬂons_“

The aircraft was flown in basically two configurations with minor
variations on each. The high speed configuration was called the "tran-
sonic" configuration and was flown with the upper flaps bias at -40°,
the rudder bias at 00, and the aileron bias at 7°. The low speed or
"subsonic" configuration was used for approach and landing. The biases
for this configuration were: upper flap bias at =200, rudder bias at
=100, and aileron bias at 79, These two configurations are shown in
figure 3., The two configurations provided a trade-off between stability

.
i
8
7
4




)

545

+ 810

2

sa = §9 - 510

83
GeL =

85

+ 84

2

86 + &7 - 48

SRy =

PY 85

81
GUB =

Note: Arrows indicate

Figure 2. Aerodynamic Surfaces and Control Surface Definition,

4

+ 66

+ 62

positive deflection

——

e




15

i S—— N —— — - i .
—_— SRR



4
|

e S—

Table 1
X-24B Dinensions and Mass Characteristics

Reference Areas and Dimensions of the X-24B Vehicle

Body -
Reference planform area, (ft2) 330.5
Reference length, (ft) 37.5
Reference span, (ft) i 19.0
Aspect ratio (basic vehicle), gi 1.09
Center vertical fin, (airfoil stabilizer) -
Area, (ft2) 14.70
Mean aerodynamic chord, (in) 57.90
Root chord, (in) 73.90
Tip chord, (in) 38.00
Distance between root chord and mean
aerodynamic center, (in) 17.30
Span, (in) 38.80
Outboard vertical fin (airfoil cambered with ] t
leading edge droop) - r
Area each, (ft2) 25.9 i
Mean aerodynamic chord, (in) 75.7 I
} Root chord, (in) 101.5
' Tip chord, (in) 41.5
Distance between root chord and mean
aerodynamic chord, (in) 20.8
Span, (in) 50.1 ¥
Upper rudder - I
Area each, (£t2) 4.99 ,
Chord, (in) 29.60
Span, (in) 24.20

Lower rudder -

Area each, (ft2) 6.67 .
Chord, (in) 29.60 ;
Span, (in) 34.20

Upper flap -
Area each, (ft?) 10.82 -
Chord, (in) 34.10 . ’




Table 1 (Concluded)

Jower flap -

‘ . Area each, (ft2?) 13.99
Chord, (in) 44 .90
Span, (in) 44 .90

Typical Mass Characteristics of the X-24B Vehicle

Empty Aircraft

Weight (1b) 8500
x-cg (in) 126.0 (64%)
y-cg (in) -0.5
z=-cg (in) 22.5
I, (slug-ft2) 2700 ;
Iy (slug-£t2) 23500 |
1z (slug-ftzg 24000 |
Iys, (8lug-ft€) 700
Full Aircraft
Weight (1b) 14000
x=cg (in) 136.0 (66.2%)
y-cg (in) -0.8
z-cg (in) 28.0
I, (slug-ft2) 3200
Iy (slug-ft2) 25000
I, (slug-ft2) 25500
Ixz (8lug-£t2) 830
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and performance. The subsonic configuration provided the lift~to-drag
ratio required to flare and land the aircraft bu~ did not have adequate
stability for flight at Mach numbers much above 0.7, The transonic con-
figuration provided satisfactory stability for transonic and super-
sonic flight but resulted in inadequate performance for landing. 1In
addition, some perturbations of these configurations were flown during
the test program to assess their effect on handling jualities, perform-
ance, and stability derivatives. These included movit: the rudder bias
to 50 with -40° upper flap bias, fiying with 3° and 1i® on the aileron
bias, and flying with the upper flap bias at -300. During the tegt
program, the nominal upper flap bias settings were 20°, 25°aad 28° fThese
various bias settings were used to investicate landing approaches and
different lift-to-drag ratios. Intermediate biases served as speed-
brakes for energy management and glide pa;h control. A discussion of
these results is provided in reference 2.

TReference 2: Stuart, John L., Analysis of the Approach,Flare, and
Landing Characteristics of the X=24B Research Alrcraft, TC-TR-76-9,
Air Force

ght Test Center, Edwards AFB, California, to be published.
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X-248B HANDLING QUALITIES

General Handling Qualities

The power-off handling qualities of the X-24B were good over most of
the Mach angle of attack envelope. Most pilot ratings for X-24B mission
tasks were between two and four. Considerable time was spent evaluating
the SAS-off handling qualities at low Mach numbers, and pilots stated
that the aircraft flew excellently. Some degradations occurred during
the powered portion of flight when the rocket engine caused significantly
lower levels of directional stability and relatively low values of dynam-
ic pressure decreased control effectiveness. Figures 4 thru 6 show the
primary derivatives which reflect the lateral-directional stability of
the aircraft for three different angles of attack. The levels of stability
as the Mach number changes present an excellent picture of the aircraft's
handling qua:iities, and the strong influence of the rocket engine is ap-
parent. The two areas of poor handling qualities were the transonic area
at high angles of attack with the power on and the supersonic area above
M=1.3 at moderate angles of attack. Both of these areas were marked by low
values of CnB and CnB*.3 Pilot rating develops for specific tasks during

the X-24B mission are summarized in table 2.

Test Metheds

Due to flight profile control requirements and the relatively limited
amount of . tabilized flight time, many of the classical handling qualities
maneuvers were not performed. The evaluation of the X-24B handling qual-
ities was based on a study of time histories and the gathering of pilot
comments and ratings.4 Parameters describing the aircraft's stability and
control were displayed in real time and were available for immediate ob-
servation. A pilot debriefing was held after each flight and the pilot
was asked to comment and rate various phases and maneuvers of that flight.
Pilots tended to evaluate the aircraft based on the ability to control
angle of attack, heading angle, bank angle, rate of sink, etc. A good
correlation could usually be made between the pilot's comments and the
aircraft time histories. Most of the h~ndling qualities descriptions in
this report will be done via one or more of these modes of expression.

Piiet Ratings and Mission Tasks
Since many of the handling qualities discussions in this report are

enhanced by Cooper-Harper pilot ratings, it is essential to understand
the tasks for which the pilot ratings were given. Almost all of the

3Cn8* or dvnamic CnB is a measure of dynamic dutch roll stability. Neg-
ative values of CpB* are conducive to a non-ocillatory directional diver-
gence (nose slice) and loss of control. CnB* includes components of both
CnB and CEB and is defined by the equation:

CnB* = Cnscos a - (Iz/Ix) CgB sin a - (Ixz/Iz)(CnB sin o - CQB cos a)

a1 pilot ratings contained in this report are based on the Cooper-
Harper srnale shown in figure 7.

21
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X~24B PILOT RATING

Launch Transient Recovery

Table 2

Pitch 3.0
Roll __ ~ 3.0
Subsonic Handling Qualities
Pitch . 2.5
Roll/yaw - 2.0-2.5
Transonic Handling Qualities
Pitch
M=0.6-0.8 2.0-2.5
M=0.8-1.0 3.0-3.5
M=0.8-1.0 with yaw task 4.0
M=0.8-1.0 after experience 2.0-2.5
Low Dynamic pressure 0.5-1.0 degraded
Roll/Yaw
M=0.6-0.8 2.0-2.5
Transonic sideslip excursions (power-on) 4.5-6.0
Transonic sideslip excursions after improvement 2.5
(power-on) |
PIO (with aileron deadband) 4.0 |
M=0.8-1.0 (power-off) 2.0-2.5 |
Supersonic Handling Qualities
Pitch 2.0-2.5 i
Roll/Yaw (power-on) 6.0 !
H
Final Approach and Landing '
Flare 1.0-2.0
Landing 2.0-3.0
Ground handling 3.0
4
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ADEQUACY FOR SELECTED TASK OR
REQUIRED OPERATION"

)' AIRCRAFT CHARACTERISTICS o N

" DEMANDS ON THE PILOT

SELECTED TASK OR REQUIRED OPERATION

PILOT
.LATQ
=\

rEnceNem Pilot compensation nof a foctor tor .
Highly desirobie desirad pertormance
Good Pilat  compensation not o factor for 2
Negiigible deticiencies desired perfarmonce
Far - Some mildly Miwmal pilo! compensalion required for 3
unpleasant deficiencies . desred perlormonce. J
N\ r . '
Minor but onnoying . Oesred performonce requires maderote 4
deliciencies pilot compensotian
0':‘;:3:;” Moderately obpclionabie Adequote perfarmonce requires s
mprovement deficrencies cansiderable pilot compensoation
Very objechonoble but Adequale performonce requires extensive P
) Q'olorob‘o deficiencies pilot compensoalion
1 Adequote performance nol attoinable with )
Mojor deficiencies . moaximnum faleroble piot compensation. 7
Conlroliabitity not in question
o W Considerabl ) i ired
require dehciencies R onsiderable pilat compensation is require 8
improvement for conirot
Mojor deficiencies In'of\s't piiot compensation is required fo °
retain ' control J
.
Improvernent ) P Control will be lost during some portion of required
mandatory Mojor deficiencies operation 10

*Definition of required oparation involves designation of flight phose and/or subphoses wilh
occomponying conditions.

Figure 7~ Cooper~Harper Rating Scale
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! ratings were based on the tasks associated with the pilot maintaining
the flight control parameters to achieve the required flight profile

| for each mission. After launch and engine light, the pilot established
the specified angle of attack to arrest the descent and to establish

| . the desired climb angle. During the climb, a lower angle of attack

was maintained between 0.85 and 1.2 Mach number for lateral-directional

stability reasons. At about 1.2 Mach number, a low angle of attack was

established to allow the aircraft to accelerate to the planned maximum

Mach number for the flight. During the powered boost portion of the

flight, maintaining angle of attack was the primary task. Heading

corrections, control of uncommand sideslip and roll excursions, and

controlling the aircraft subsystems were tasks which demanded the

pilots attention during this time, thereby increasing the difficulty

of the primary task. The primary items utilized by the pilot for

profile and ground track control were angle of attack (or pitch angle),

altitude, indicated Mach number, engine burn time, and radio calls

{ from the ground controller. In addition, some stability and control

maneuvers were performed during this time to obtain data with the

rocket engine on.

After the rocket eravine was shut down (or burned out) the aircraft
glided to "low key" where the landing approach pattern was initiated.
This deceleration period was the prime time for flight data maneuvers.
The primary piloting task during this time was to arrive at the desired
Mach number and angle of attack combinations and to perform stability
and control, performance, and structural loads maneuvers as required.

' In addition to these maneuvers, the pilot performed energy management
E tasks as recommerded by the ground controller. Just prior to low key,
the configuration change was performed.
; After low key, data maneuvers were curtailed, and the primary task

I was tc perform a power-off landing. The landing pattern consisted of
i a 180° turn from the low key position of 20,000 to 25,000 feet. Air-
' speed was allowed to increase during the turn such that a nominal air-
speed of 300 knots was established on final approach. The flare began
at about 1000 feet above the ground with the aircraft coming almost
level at 75 to 100 feet. At 240 knots, the pilot deployed the landing
gear and touchdown occurred at about 180 knots.

Occasionally, pilots would rate the handling qualities over a
time period of sufficient duration for the pilot to assess the overall
flight characteristics. Implied in such a rating is the ability to
control angle of attack, airspeed, bank angle, and/or heading angle
for profile control, energy management, or other mission task.

Prefiight Simulater Studies

el T

An extensive simulator investigation was conducted prior to the
first flight of the X-24B. The first portion of the simulation effort
g concentrated on designing the portion of the X-24B control system which
§ differed from the X-24A control system. The second portion defined the
g : predicted handling qualities characteristics and stability boundaries.
5 Due to the critical flight profile for this type of aircraft, it is
extremely important, from a flight safety standpoint, to conduct a

a
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thorough preflight simulator investigation to eliminate as many unknowns
and surprises as possible. It is also very desirable to maintain a

large margin between first flight conditions anc areas of known instab-
ilities. The specific simulation studies performed for the X-24B are
listed and discussed in detail in Appendix E. A comparison of flight
results with these simulator studies is contained in the section entitled
"Confirmatior of Preflight Simulator Predictions".

Flight Test Handling Qualities

Lounch Transient

Recovery from the launch transient was always the initial task
that the pilot had to perform on any X-24B flight. The lower flaps
however, were set to provide the desired trim angle of attack after
launch. The pilot could then perform a hands-off launch and the air-
craft would trim at the desired angle of attack. Most lauches, however,
were not hands-off, but the pilot did not attempt the transient immediate-
ly after launch. Since the X-24B was carried at a low angle of attack
to insure clean separation, the initial part of the transient was close
to zero lift. This was followed by an increase in angle of attack and
lift as the trim angle of attack was attained. Sidewash from the B-52
caused an initial sideslip condition of -2° and a roll-off to the left
after launch. Pilots who had never experienced an air launch were
unanimous in their opinion that it was certainly a surprise. However,
a pilot with previous lifting body experience commented after his first
flight "That's probably the smoothest launch I've ever had on a lifting
body." Pilot ratings were obtained from the first five launches for
the task to recover from the launch transient to wings-level flight
at 10° angle of attack. Average pilot ratings for this task were 3.0
for both pitch and roll; no pilot inputs in yaw were required. A time
history of a typical launch is shown in figure 8. The heavy weight
launches performed on powered flights exhibited little difference from
the lightweight launches.

Subsonic Handling Qualities (Moch= 0.3 - 0.6)

The subsonic area as defined by this report, will cover the Mach
number range of 0.3 to 0.6. Since the configuration change usually
occurred at about 0.6 Mach number, the handling qualities discussed
in the section will be for the subsonic configuration. All flying in
this area was accomplished in the 64% to 65% cg range. A discussion
of longitudinal characteristics during the configuration change will also
be presented. Handling qualities with the landing gear down, the
landing itself, and ground handling will be discussed in the "Final
Approach and Landing" section.

Longitudinal -
The longitudinal handling qualities of the aircraft with the

SAS on were generally good in the subsonic area. Although pitch stability

was less than predicted (1.0% to 1.5% static margin) and the aircraft

was slightly less stable than desired, pitch damping and control were good.

Short period frequency and damping ratios were approximately 0.4 cyc/sec
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and 0.86 respectively. Average pilot ratings for maintaining angle of
attack control in this area were 2.5. Longitudinal trim curves are
shown in figures Bl and B2.

The X-24B showed some degradation in longitudinal control when the
pitch SAS was turned off. Pilots commented that the stick sensitivity
was greater and that overshoots in angle of attack became noticeable.
Pilot inputs made through the stick trim system posed nc problems, but
normal stick inputs resulted in mild overshoots and small amplitude
pitch oscillations. Pilot ratings for controlling angle of attack with
the pitch damper off were 3.0-4.0. At no time were any longitudinal
PIO tendencies reported, and pilots agreed that the Xx-24B flew well with
the pitch SAS off in the subsonic region.

The configuration change was unique since three controls, all with
major pitching moment effects, were moving at the same time. The upper
flags produced a strong nose down pitch change as they closed from
-40° to -20°. Nose up trim changes were caused by closing the lower
flap and biasing the rudders inward. A "hands-off" configuration change
time history is shown in figure Y. The trim change caused by the sur-
faces moving is apparent. Note the automatic scheduling of the rudders
and lower flaps sequentially to offset the effect of the upper flap.
Figure 10 shows a time history of a configuration change where the
pilot was asked to hold angle of attack. Pilot ratings for this
maneuver were 2.0-3.0. Figure 1l shows the same task performed with
the pitch SAS off. The pilot rating here was a 4.0. One comment voiced
unanimously by the pilots was that the configuration change was easier
to perform in the aircraft than it was in the simulator. This was pro-
bably due to a lack of visual and motion cues in the fixed-base simulator.

The entire Mach/angle of attack envelope of the X-24B was bounded
at high angles of attack by a pitchup boundary where Cm, decreased to
zero. In the subsonic area this boundary occurred at about 25° angle
of attack, much higher than the angle of attack required for operational
maneuvering. Since the pitchup boundary affected primarily the boost
portion of the profile, the discussion of the boundary will be deferred
to the "Transonic Handling Qualities"™ section.

Lateral=Dlrectianal

Handling qualities in the lateral-directional axis were very good
subsonically and consistently received ratings of 2.0 - 2.5 for the task
of flying the landing pattern and maneuvering to final approach. Pilots
were particularly pleased with the roll response and control, and the
directional stability. One pilot remarked, "In fact, there was no roll
overshoot in the airplane. If I wanted to stop at 30° (bank angle),

I stopped it there. I thought it was a nice handling airplane in roll."
Another pilot described the roll characteristics as "a very positive
control and just about the right roll rate for a given stick deflection."
Directional stability and damping were considered good. Typical dutch

roll frequencies veried with dynamic pressure but were on the order of

0.4 cyc/sec. SAS-on damping ratios were on the order of 0.26. Character-
istics of the dutch roll varied directly with the value of CQB (See
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figures A28 and A29). At low angles of attack where Cy  was small,

the dutch roll was a flat, "snaky" type of motion. Wheg the CgB was
large, roll-to-yaw ratios associated with an oscillation became”larger.
In the angle of attack range most often flown after the configuration
change (80-120) the roll damper was the most effective means of
attenuating the dutch roll oscillations. Yaw rates generated during

an oscillation were usually not large because of the high yaw inertia,
and consequently the yaw damper contributed little to dutch roll damping.
Pilots commented that they could see little or no effect of the yaw
damper.

SAS-off lateral-directional handling qualities were excellent in
comparison to previous lifting bodies. Although some precision in
the control of angle of attack and bank angle was sacrified, pilots
were still pleased with the way the aircraft flew. One pilot's com-
ments were "It really flew well, you don't see anything in yaw, you
know, unless you boot the rudder. You can sgit there and fly it and roll,
and the nifty part was 1 felt there was some roll damping (aerodynamic)
in the airplane with the dampers off." Dutch roll damping ratics with
the SAS off were about 0.11, and the characteristics discussed in the
previous paragraph are applicable.

Aileron~to-rudder interconnect ratios for the subsonic configuration
were investigated on cne flight and it appeared that the low schedule
(see figure D8) was close to optimum. The pilot reported however
that the interconnect ratio was not as critical as earlier simuiuator
studies had predicted. Interconnect values of zero gave only slightly
degraded roll performance, and no PIO tendencies were exhibited with
the SAS off. PIO sensitive areas, predicted by preflight simulator
studies, were not encountered in actual flight. This was attributed
to the fact that the pilots responded more to roll rate than to bank
angle and also to favorable differences between predicted and actual
lateral-directional derivatives (see "Lateral-Direction PIO Sensitivity"
section in Appendix D).

From time to time the X-24B encountered buffet in the subsonic
configuration. The buffet was caused by separation of one or both
outboard vertical fins (tip fins). The separation boundary was a
function of both Mach number on angle of attack and is pictured
in figure 26. Since the X-24B used the sarme tip fins as the X-24A,
it was assumed that the separation boundar established during that
program would be valid for the X-24B. This boundary has been confirmed
by buffet, hinge moment changes, fin pressure changes, tuft photos,
and step changes ir the values of Cp,. The buffet encountered was
described by one pilot, "I might menéion that up in the 10° angle of
attack area, there was a noticeable buffet in the airplane, nothing
like a F~104 buffet when you pull it back hard with takeoff flaps or
with flaps up, but it was noticeable...." The buffet region was invest-
igated on several occasions, and no adverse handling qualities were
reported.

Transonic Handling Qualities (Mach= 0,5 - 1,0)

The transonic Mach number regime extends from about 0.6 to 1.0 and
all of this area was flown in the transonic configuration. Flight
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at these Mach numbers was almost always of a transient nature, since

the aircraft was either accelerating or decelerating rapidly. Evaluation
time was severely limited and stabilized flight at all but the lowest
Mach numbers (0.6, 0.7) was never obtained. Flying in this area was

done at 65-66% c.g. with the pcwer on and 64% c.g. with the power off.

Longitudinal i

Longitudinal handling cualities at Mach numbers of 0.6 to 0.8 were
similar to those described for the subsonic configuration. Angle of
attack control was described as peing a little better in the transonic
configuration and this is probably attributable to somewhat higher pitch
damping (see figures A2 and A5). Pilot ratings for this Mach number
area were 2.0 to 2.5 based primarily on the ability to capture and
maintain angle of attack. ILongitudinal trim curves are shown in figures
B3 through B7.

et sapesaellm A s e

Longitudinal handling qualities from Mach 0.8 to Mach 1.0 were
fair but were degraded by several minor problems. The first was the
rapid trim change as the aircraft accelerated or decelerated through !
this area. The trim change (illustrated in figure 12) made it more {
difficult to control angle of attack or pitch angle, especially if
other tasks were involved. About the task to maintain 30° 8 during the
boost, one pilot said, "But if a guy was to fly a good solid 6 task, i
and not have to make heading changes and things like that, it would i
still present a bit of a task because we are still getting trim changes.

Since we changed Mach number in this area, I'd rate that a 3.0 to 3.5."

On another flight where the pilot was required to perform a yaw trim i
task concurrent with the pitch task, this area was rated 4.5. The pilot {
rating improved to 2.0 to 2.5 during later flights when the pilots had
flown the task several times and pitch control was the primary task
being performed.

The second problem occurred during the portions of powered flight
where dynamic pressure and airspeed were low. Pilot commented that
the pitch task became more difficult when the dynamic pressure de-
creased to approximately 75 psf or below as it always did during the
climb and acceleration. Pilot ratings for the low dynamic pressure
area were typically degradea .5toJ.0 from those obtained at higher
dynamic pressures. This problem was not encountered during the glide
portion of the flight since dynarac pressure was higher.

Another area of concern, esp<wcially on early powered flights, was
a pitchup predicted at moderatcly high angles of attack (figure 13).
The simulator showed a very mild entry into the pitchup region, and
that control could be maintained several degrees higher than the angle
of attack at which Cp was zero. Although pilots never mentioned
an area of instability®(the pitch boundary was never intent:ionally
violated) , extrapolated values of flight measured derivatives verified
its existence (see section entitled "Confirmation of Preflignt Simula-
tor Predictions"). The predicted existence of the pitchup boundary led
to the installation of a stick shaker warning device prior to the first
flight and close monitoring of angle of attack during all flights.’
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SAS-off longitudinal handling qualities were again similar to those
of the subsonic configuration. The aircraft was lightly damped, and
overshoots were common during normal maneuvering. Pilot ratings for
this condition were not obtained.

Laoterol=Directiona!

Lateral-directional handling qualities in the low transonic Mach
region, power off, were similar to those of the subsonic configuration.
Directional stability and roll response were considered good and re-
ceived pilot ratings of 2.0 to 2.5. SAS-off handling qualities for this
area were characterized by lack of precise control of aircraft attitude
as was noted for the subsonic configuration. Lateral-directional SAS-off
conditions were investigated only below a Mach number of 0.8.

Handling qualities with the rocket engine on were seriously degraded
by low levels of directional stability. Figures A38 through A40 show
the effect of the rocket engine on Cy, and Cp,. Flight planning perform-~
ance requirements dictated that the pgwered bgost be flown at high angles
of attack, and, therefore, all handling qualities investigations in
the transonic area with the power on were conducted at angles of attack
greater than 100. As these angles of attack increased, the directional
stability decreased, and the further reduction due to the rocket engine
could cause Cp, to be zero or even negative. The low levels of stability
were further aggravated by two other phenomena which produced sideslip
motion. The first was caused by passing through lateral wind shears at
high climb rates. This caused an uncommanded sideslip and made the
aircraft appear to be directionally unstable. Wind shears are discussed
in some detail in Appendix C. The second problem was a misalignment of
the rocket engine. Before the first powered flight an attenpt was made
to align the rocket engine through a slightly offset lateral c.g.
Measurements made after Flight 25 showed that the engine had been over-
corrected such that a nose right moment was caused whenever the rocket
was on. This caused a steady state sideslip of 1°© to 3° depending on
the level of directional stability. Since this level of sideslip was
not observed when the rocket engine was off, the power~on aircraft ap-
peared initially to the pilot to be marginally stable in the directional
axis. The area of low stability was particularly restrictive at Mach
0.95 and 129 angle of attack (see figure A40). The low directional
stability became the limiting factor for high angle of attack flight
in that region.

During the latter portion of the flight test program, several im~
provements were made in an attempt to reduce the sideslip encountered
in flight. Since the rudders were very effective throughout the area
of low stability, an ay feedback loop was added to the flight control
system after flight 19  to reduce the steady state sideslip. 1In the tran-
sonic area, however, the ay feedback was only partially effective since
low values of dynamic pressure made the values of ay (and hence the
fixed-gain rudder signal) small. The biggest improvement, however,
was the realignment of the rocket engine prior to flight 26. It is
worthwhile noting that the engine realignment was only 0.5° but signifi-
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cant reduction of steady state sideslip values resulted. This illust-
rates that the Primary problem was the low value of Cnp With the rocket

The low level of stability also Provided the only area »f pilot
induced oscillation (PI0) sensitivity éncountered during the fiight
test program. oOn the first powered flight, the pilot reported a milqd
PIO or wing rock during the boost at 140 angle of attack. Post ilight
Pilot comments relating to the wing rock were, "I had no Problem con-
trolling heading and the basic bank angle, but I did have this wing
rock prcblem that I called out to you..... I didn't feel it was going
te diverge. It never felt like a hazardous or dangerous situation. It

Problem, I would rate it a 4." Examination of the flight records revealed
an aileron deadband which is further discussed in Appendix D. Since

for small aileron commands only one aileron surface had been moving,

the effective roll SAS gain had been half of what it was programmed

to be. On the next flight the roll sas gain was increased and PIO areas
were not encountered again. Roll response was considered good for this
type of aircraft in this Maci regime. The pPrimary roll task for_this
portion of the flight was to maintain wings level and make occasional
heading corrections.

Handling qualities with the power off were markedly improved.
Not only was the directional stability higher, but the misaligned
engine no longer caused the steady state sideslip. a pilot commented,
"This is essentially the same area we flew before (M=.95, a=120) ,
but this time with the power off.... 1 felt better about the directional
stability at this point; I could tell the difference in directional
stability. It was no longer a concern from a hazard standpoint. Even
though the stability is a little low here, I could feel that the air-
Plane was directionally stable." Pilots were generally pleased with
the handling qualities, even at moderately high angles of attack.
Asked to evaluate the handling qualities at 120 angle of attack while
decelerating from Mach 1.0 to Mach 0.85, one pilot said, "what I 4iqd
see at 120 angle of attack looked very much like the simulator. The
airplane flies like a champ in that area. When you put in an aileron
input, you can see the beta swing out. It swings out about a degree
or a degree and a half, but it does that in the simulator, and comes

right back again. 1It's a beautiful airplane to fly. I'd rate it at
2.0 or 2.5 in that area."

Due to the low stability at the Mach numbers of 0.85 to 1.0, sas-
off characteristics weére never investigated.
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Supersanic Handling Qualities (Mach=- 1.0 - L7)

ber of 1.0 and the aircraft's maximum Mach number of 1.76. Evaluation
time, as in the transonic case, was very limited and stabilized cruise
time was not possible. The center of gravity at these Mach numbers
was 64% to 65%.

Longitudinal

Longitudinal handling qualities were excellent in the supersonic
Mach range. Dynamic pressures at these Mach numbers were high enough
to provide excellent control and damping. One pilot commented, "As I
mentioned before, in pitch it's a real solid airplane. The pitch sensi-
tivity of course, changes considerably with Mach number in this area,
but it's real solid..." The change in lower flap effectiveness mentioned
by 'he pilot and the associated trim change were the only detractors. \
Discussing the trim change with Mach number, the same Pilot said, "Here
again the airplane flieg nicely in this area. I felt real good about
my 7° angle of attack this time. You still have to trim like gangbusters
because the trim change is really fast in this area. You have to move
it back all the way, but I felt good about holding 7° angle of attack,
and I'd rate that a 2.0 to 2.5. Very nice flying, and the only thing that:
would keep it from being a solid 2.0 was the fact that you have to
trim it all the time. You have to work at it, and it takes quite a bit
cf attention just to fly angle of attack; if one should encounter a
severe lateral-directional task, why, then the Pitch task would become
more difficult because it requires about 90% of your time." fThe factors
. governing this trim change are shown in figure 12. A1l pilot ratings i
given in this area for the task of maintaining angle of attack were
2.0 to 2.5. Pilots were unable to detect any differences between the
power-on and power-off aircraft in pitch. No pitch transients were assioci-- !
ated with rocket engine shutdown. Values of C for Mach numbers of
1.1, 1.2 and 1.3 show a degradation of pitch sggbility with the rocket
engine on, but the level of power-on stability is still high. Frequencies
for the short period in this area were 0.7 cyc/sec and damping ratios
for the aircraft with the SAS on were about 0.64. Longitudinal trim
curves for this area are shown in figures B8 through Bl2. 5

SAS-off frequency and damping were investigated briefly by performing
several pitch pulses with the pitch gain at zero. Pitch damping was
conside ‘ed adequate with a damping ratio of 0.10. After performing two
SAS-off pitch pulses at Mach numbers of 1.4 and 1.5, one Pilot commented, g
"Just a. the simulator shows, the pitch damping at this speed is |
excellent. You could fly this airplane with the pitch damper off with- !
out any problem."

Latera!=-Directional

Power-on lateral-directional handling qualities were good at
lower supersonic Mach numbers, but increasing Mach numbers brought
decreasing directional stability and sideslip problems similar to those
eéncountered in the transonic Mach region. Levels of dutch roll stability
are presented in figures 4 through 6.
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For supersonic Mach numbers between 1.0 and 1.3, stability was
good. As one pilot commented, "Once you get beyond the transonic beta
excursion, it's a pretty good airplane to fly." As the Mach number
increased above 1.3, directional stability decreased. At 40 to 50
angle of attack with the rocket engine on, directional stability was
acceptable up to 1.76 Mach number. But at 70 angle of attack, values
of Cng* approached zero as the aircraft approached its maximum Mach
number (figure 5). The effects of low directional sctability were
especially apparent before the rocket engine was realigned. Figure 14
shows a typical time history of sideslip before and after the engine
realignment. The three degrees of sideslip shown in figure 14 was
typical of flight at 7° angle of attack above 1.4 Mach number. Note
the reduction in sideslip when the engine was shut down. The amount
of sideslip generated was a strong function of angle of attack. Wwhen
asked to discuss the handling qualities above 1.2 Mach number at 8°
angle of attack with the power on (before realignment), a pilot replied,
"Right above 1.2 no real problem, but as it shows in the simulator, once
you get to 1.3, you can start noticing the reduced directional stability.
And as we got out to 1.5 directional stability was considerably reduced.
It is definitely less in the airpiane than the simulator. The pilot
rating out here is based on the pulses at 1.3 and 1.5. Beta slipped out
to the left again, and I remember it going out to at least about 3 to 4
degrees. I do remember coming in with left rudder to bring it back.
This area as a result of the pulse, would have to be rated 6.0 in yaw."
Asked the same question about 50 angle of attack on subsequent flights
the pilot said, "The airplane is considerably better at 59 angle of
attack above 1.2 than it is at 7° angle of attack. I was very confident
that beta (sideslip angle) was not going to take off and cause me a lot
of worry. Beta does move out to the left, just like it has before, but
it only gets out to somewhere between 1 and 2 degrees. I got the im-
pression that that's where it wanted to sit, and it probably wouldn't go
out anymore. So once or twice, somewhere in here, I pushed it in with
the rudder and then didn't worry about it anymore. I'd rate it some-

where around 3.0." Flight measured values of C“B (figures A45 through 2A48)
confirm these pilot comments.

The reduced directional stability with power on above 1.3 Mach
number and 6° angle of attack was not readily apparent to the pilot
unless he noted tle visual sideslip display. There was no uncommanded
roll mistrim since the dihedral effect at these conditions was negligible.
Sideforce at the pilot's station was sufficiently low as to be easily
unnoticed when concentrating on the task other than directional stability.
The reduction in stability was considered a hazard and treated as a
stability boundary. 1In addition to the ay feedback system discussed
earlier, an audible warning system was mechanized which notified the
Pilot when the sideslip exceeded 3.5 degrees.

Power-off handling qualities in the supersonic area were improved
over those with the power on. Again, the removal of the rocket engine
moment and increased levels of directional stability with the rocket off
were the primary reasons. Pilots flew as high as 120 angle of attack
at Mach 1.4 (aft stick limit) and reported no problems. Most of the
supersonic time, after engine shutdown, was spent performing data maneu-
vers, and no lateral-dicrectional handling qualities evaluations were done.
Pilots, however, never had any complaints about the way the aircraft
flew supersonically with the power off.
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SAS-off handling qualities were not investigated for the super-
sonic area.

Finol Appraach and Landing

Handling qualities for both the longitudinal and lateral-directional
axes were excellent during the final portion of the flight. The handling
qualities of the aircraft compared favorably with fighter class aircraft
and led to the first conventional runway landings for an aircraft of
this type. Pilot ratings for flaring the aircraft ranged from 1.0 to
“ L. Ratings for landing the aircraft were 2.0 to 3.0. One pilot with
extensive lifting body experience, summarized the flare and landing
characteristics by saying "If we were to look at the alrplane from the
start of flare through touchdown, in the two flights I've seen, this
airplane is far superior to any of the other airplanes (lifting bodies)."
Roll response was considered good for heading and bank angle control,
and no PIO sensitive areas were ever encountered. Control effectiveness,
in general, was very good down to the low airspeeds encountered at
touchdown. Some of the specific items which affected the handling
qualities are discussed below.

Turbulence was not a problem for the X-24B because of the relatively
low dihedral effect. The response in turbulence was compared to an F-104
and was characterized by small "choppy" inputs in sideforce. Earlier
1ifting bodies had experienced very sharp, low magnitude roll inputs
in turbulence. These were caused by a very high dihedral effect and
were described by the pilots as a very uncomfortable feeling that the
aircraft was about to roll over. The low values of Cy, on the X-24B
eliminated the roll inputs and provided a much nicer fiying aircraft in
turbulence. This was a very significant improvement over earlier lifting
bodies!

Another pleasant surprise for former 1lifting body pilots was the
lack of a landing gear transient. For performance considerations, the
landing gear on the X-24B and the 1ifting bodies was deployed after
the flare at approximately 50 feet above the runway. This occurred
between 6 and 15 seconds prior to touchdown (gear extension time was
approximately 1 second). Some of the previous lifting bodies (notably
the X-24A) exhibited a noticeable pitch down at gear extension which
resulted in an annoying longitudinal disturbance. The increased
drag load below the aircraft cg played a small part in the pitch down,
but the fact that both main and nose gear deployed forward, thereby
shifting the longitudinal cg forward, was the major contributor. During
the modification of the X-24A to the X-24B, the nose gear was designed i
such that it deployed aft and :ui:. nose gear door was designed to produce '
less drag. The resultant cg shift then was negligible, and the nosedown
trim change at gear extension essentially disappeared. The predicted
aerodynamic effect on pitching moment was small, which was confirmed
in flight (figure Bl4). Although a reduction in Cp, (see figure A27]
was due to gear extension measured in flight, it waB not apparent to
the pilot and did not result in a degradation in handling qualities.
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An apparent ground effect was detected in the time between gear
extension and touchdown. Thic manifested itself as a relaxation of
longitudinal stick forces as the aircraft came in close proximity with
the ground. Thus, piiots were required to relax back pressure on the
stick tec maintain angle of attack, or experience an increase in angle
of attack if stick position were held constant (see figure Bl4). The
pilots were not concerned with this phenomenon because the aircraft
responded well to pilot commands. Pitch control close to the ground
was good.

As mentioned previously, pitch cont.cl was transferred from the
lower flaps to the upper flaps when the lower flap closed to zero.
Associated with this contrcl transfer was a deadband equivalent to
one half inch of stick travel. Thus the pilot could move the stick
one half inch and neither upper oxr lower flap would move. This dead-
band was encountered onr. many flights just before touchdown. Comments
from the pilots indicated they were often not aware they were flying
in the deadband region and could not detect any decrease in pitch con-
trol because of it. On one flight a pull-up maneuver at high altitude
was performed to pull into the crossover. Figure 15 shows a time his-
tory of that maneuver. The pilot mentioned that the only problem
associated with the deadband was gauging the size of the stick input
required to pull through it. ]

Another unique feature of the X-24B landing was that the nose g
could not be held off after the main gear touched down, because the ;
cg was considerably forward of the main gear. The average time Let- {
ween main gear touchdown and nose gear touchdown was approximately 1.5 i
seconds. This characteristic was a very impressive experience to the 1
pilots. After the first flight in the aircraft, the pilot remarked, i
"The nose comes through very rapidly, as everybody told me it would.
There's nothing you can do about it. It seems like it's going to go
all the way into the lakebed." After several flights, pilots becamne
accustomed to the rate (20deg/sec) and accepted the characteristic.
This rapid nose slap down was perhaps a contributor to undesirable
lateral-directional deviations during crosswind landing.

Crosswind landings represented the only facet of the landing where
the aircraft handling was not good. A ten knot crosswind limit was in
effect for most X-24B operations and two landings were made at or near
that limit. On the first crosswind landing the pilot commented, "Okay,
because of a little right crosswind, I was holding a little right-wing
down and I touched down on the right gear first, and as it touched down,
I got the impression that the nose had sliced rather than come straight
down. While it was doing this, the other gear came down." On the
second crosswind landing the pilot gave this account. "I felt I touched
on both mains. As the airplane started to settle, the left main settled
a lot faster than the richt, giving me the impression that the left main
was collapsing. I reached up and grabbed the gear handle again just
as a reflex action, and about that time the nose got to the ground.
I started to control it with rudder and possibly aileron. I got the
nose gear steering irmed as soon as I got the nose on the ground,
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opened he flaps and then becam: aware that it was time to really start
steering because I was starting to drift left really rapidly with the
right crosswind." (Rate the airplane during the upset at touchdown).
"The airplane touchdown was very smooth and I'd rate it a two, it really
felt nice. From touchdown until both mains deflected to the same degree,
the airplane would have to be called uncontrollable because I couldn't
control it. From mains touching to nose touching down you don't have
any control over the airplane and I certainly didn't have any control
over the roll rate. Once the roll had quit and I realized that the
mains were ok, then the airplane became a very controllable airplane.
Nice qualities with that amount of crosswind; I'd rate it a three."
Figure 16 shows a time history of the second landing. Neither landing
resulted in any damage to the aircraft, but both were uncomfortable
experiences for the pilots involved.

The ground haniling characteristics of the X-24B were considered
excelient for thic type of aircraft. A total of four types of steering
could be used ‘.o directional control on the ground. Above 100 knots
both aileron and rudders were effective in steering the aircraft. Their
effectiveness, however, decreased markedly once the airspeed dropped be-
low 100 knots. Nosewheel steering was used at that point and worked very
well. The following quote from the second crosswind landing serves to
illustrate the effectiveness of the nosewheel steering, "I got the nose
gear steering armed as soon as I got the nose on the ground, opened the
flaps, and then became aware that it was about time to really start
steering because I was starting to drift left really rapidly with the
right crosswind. I got the nose gear steering engaged and stuck in
some rudder (rudder pedals controlled the nose gear steering) to control
that left drift; I got very good response, no problem controlling the
airplane. I had to put in enough so I did feel some sideforce and felt
that certainly the mains were taking some wear on the tires, but I felt
that at no time was I in any danger of rolling over. Nice qualities
with that amount of crosswind; I'd rate it a three." In addition to
the nose wheel steering, differential braking was used on some occasions,
but the braking on the aircraft, both differential and total, proved to
be less effective than desired.

Pllet Checkout Program

At the end of the X-24B basic research program, a six-flight pilot
checkout program was conducted. Three pilots, without previous lifting
body or X-24B experience, were given two glide flichts each to gain
experience with procedural considerations and handling qualities for
this type of aircraft. Each flight was conducted with several typical
data maneuvers and evaluation time for SAS-on and SAS-off handling
qualities. The Mach numbers covered were 0.7 and below, both transonic
and subsonic configurations were flown, and the longitudinal cg was
fixed at 64.5%.

Since the envelope invol<7ed in the checkout program had been explored
previously, no startling revelations or problems came out of the check-
out program. Their flights, however, did provide additional independent
evaluations from experienced test pilots, with various flying background.
Table 3 summarizes the pilot ratings and comments obtained from these
flights.
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PILOT RATINGS FROM CHECKOUT FLIGHTS

Tasks

Recover from launch
and acquire 10° g

Recover from launch
and acquire 50 g

Pu&l up and capture
12~ o

Handling qualities with
=400 sup (M=0.6, a=100)

Pitch handling qualities
with -400 §Ug and pitch
SAS-off (M=0.6, a=100)

Pitch handling qualities
during Fushover-pullup
maneuvers (§Up=-40,
M=0.6)

Configuration change
while maintaining
t 104,

Pitch SAS-off configura-
tion change while
maintaining 10,

Handling qualities with
-20° §up (M=0.5,
u=100)

Handling qualities with
-200 §Ug and all SAS-off
(M=0.5, a=100)

Key: P=Pitch R=Roll Y=Yaw Sat=Satisfactory (1, 2,

Table 3

Pilot Ratings

Pilot A Pilot B Pilot C

1.5 2.0 2.5
3.0 3.0 2.0
2.5 3.0 2.0
3.0P - 3.0
2.0R
4.0 4.5 2.0
3.0
3.0 - 3.0
Sat 3.0 2.0
4.0 5.0 3.0
2.0 —— 2.0
3.0 4.0pP 3.0P
2.0R 4.0R
4.0Y 3.0Y

Comments

Not much trimming
required.

Good bank angle con-
trol, pitch stability
light

Poorer ratings for

a tracking tasks -
aircraft is sensitive
in pitch. Better
ratings for trimming
tasks.

Easier than simulatoyr

Hard to keep angle
of attack from "bob-
bling"

Good handling qualities
in pitch and roll

Lightly damped. Lack
of precise control -

some overshoots. No

PIO tendencies

or 3)

5All tasks are performed with the SAS system on unless other wise noted.




Table 3

(Concluded)

PILOT RATINGS FROM CHECKOUT FLIGHTS

Task 3

Handling qualities
in landing pattern
(M=0.5, a=80)

Handling qualities

in larding pattern
with all the SAS off
(M=0.5, a=89)

Landing flare (Kg=.54)

Landing flare (K.=.38)

Q

Landing (Kg=.54)

Landing (KQ=.38)

Key:

Pilot Ratings

Pilot A Pilot B Pilot C

3.0

1.0
1.0

2.0

2.0

3.5

3.0
3.0

51

2.0P
3.0R

3I0p
4.0R
3.0Y

Comments

Spiral stability a
minor problem. Pitch
stability is light.

Spiral stability a
problem in the turn.
SAS-on is a generally
tighter aircraft.

Flare slightly over-
controlled. Pitch
damping noticeably
lighter with the
lower SAS gain.

Sensitive in pitch.

Liked better than the
landing with Kg=.54
but the pitch axis

i3 a2 little loose.

P=Pitch R=Roll Y=Yaw Sat=satisfactory (1, 2, or 3)
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% Confirmation of Preflight Simulater Predictions

This section will present a comparison between information extracted
from flight test results and Jdata obtained from the simulator studies
performed before first flight. The comparison is not intended to be
comprehensive and will only highliglt some of the more interesting
findings.

Pitchup Boundary

Figure 17 shows the pitchup boundary as defined before first flight
and several data points confirming its existence. The data points have
been determined by extrapolating measure values of Cma over one or two

degrees angle of attack. The pitchup boundary was never intentially
crossed, and pilots never reported flying an unstable aircraft in pitch.
Agreement between the predicted pitchup beoundary and the extrapolate
flight test data point is good. At supersonic Mach numbers, extrapolation
of data to zero Cmu is not possible, but high angle of attack Cma's are

higher than predicted. It is probable then, that the predicted pitchup
boundary is conservative in this area.

G PN LR

PIO Sensitivity

P

The PIO sensitive area predicted by the simulator (see Appendix E)
caused some concern, and so early in the flight test program the actual
SAS off lateral-directional PIO tendencies were investigated. The flight
conditions at which the investigation occurred are shown in figure D15.

& The pilots found no PIO tendencies whatsoever during flight. This tends
. to confirm the simulator results obtained using aileron to roll rate pilot
; transfer functions and indicates the pilots responded to roll rate in
i flight. In other words, because of motion cues, they responded much
B

quicker during actual flight than they did using a fixed base simulator.

: A second factor contributing to the absence of PIO sensitivity was
the change of several derivatives which play a key role in the determina-
‘ tion of PIO tendencies. Fcr example, C"S was 25% higher than predicted

in the mid-angle of attack range and Cn6a was 30% tc 50% less than pre-
dicted. Both of these changes would contribute to reduced PIO sensitivity.
For this vehicle, simulator results were conservative in that the PIO
tendencies shown on the simulator did not occur in flight. 1If the tenden-
cies had been reversed such that the vehicle were PIO sensitive to a/P

transfer functions (such as might be the case with a vehicle with a high
Cgs to C"B ratio), a fixed based simulator would probably not predict PIO

tendencies which might occur in flight.

Hondling Qualities Boundarles

One of the most usefull ways of describing the flight envelope of an
aircraft like the X-24B is with a Mach/angle of attack plot. On this plot
the handling qualities or stability and control characteristics which
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1imit flight are represented as boundaries. Figure 18 shows the handling
qualities boundaries which were developed before first flight. Note that
the prime limiting factor over the major part of the Mach number range was
expected to the avoidance of the pitchup boundary (Cma-O). In the Mach

number range between 1.1 and 1.4 it was predicted that the maximum attain-
able angles of attack would be limited by full aft stick deflection (Ser=0)
and would be below the pitchup boundzry as shown. With the exception of
zero directional stability above sixteen degrees angle of attack in the
transonic region, all lateral-directional limiting conditions were at angles
of attack above the pitchup boundary rnd, therefore, were not of major con-
cern.

The boundaries defined after analysis of all available flight test data
are shown in figure 19. These boundaries are presented for the reference cg
of 66% to be consistent with the data comparisons made throughout this re-
port. During flight the cg varied from 66% at launch to 64% at maximum Mach
number as propellant was consumed. Therefore the actual limiting angle of
attack during flight were somewhat higher than the values shown. A discus-
sion of these boundaries with respect to the actual cg during flight is con-
tained in reference 1. 1In many cases these boundaries were based on con-
gservative extrapolations of the flight test data to the limiting values.

As previously discussec, the angles of attack where Cp Wwas zero were cluse

to predicted between 0.6 and 0.9 Mach number. (Insufficient data was a-
vailable at all other Mach numbers to define Cma-o.) The maximum attain-

able angle of attack with full aft stick was different from predictions.

As can be seen by comparing figures 18 and 19, these angles of attack were
significantly lower than expected above 1.4 Mach number but higher than pre-
dicted between 1.4 Mach number. Lateral-directional handling qualities
boundaries were defined based on extrapolated values of sideslip derivatives.
Although zero C“B was not a limiting boundary per se, flight in areas where

cns approached zero was explored wigh caution in an incremental manner.
With the rocket engine off, C“B was zero (at angles of attack below pitchup)
above 1.3 Mach number only. An even larger area of negative an was de-

fined over the transonic and supersonic Mach range as a result of aero-
dynamic effects due to the rocket exhaust. Boundaries for potential loss
of directional control (Cns*-O) were conservatively estimated based on flight

test results above 1.3 Mach number both with and without rocket engine on.
As can be seen in figure 19, these boundaries significantly reduced the
usable angle of attack. Neither of the CnB*'O boundaries were violated
during test program.

No power-on an boundaries are shown on the predicted boundary plot.

After power effects had been discovered on the X-24A, wind tunnel tests
were conducted to predict these effects for the X-24B. Although modeling
of the rocket exhaust conditions was not exact (hence the resulting data
was not considered to be accurate), the results were used as guidelines
to evaluate the potential loss of stability with the rocket engine on.

The comparison of the handling qualities boundaries before and after
the flight test program exemplifies the need for an incremental envelope
expansion approach to flight test of new aircraft. Boundaries deterwined
by actual lateral-directional stability were considerably more restrictive
than they were predicted to be. Although power-on wind tunnel test did
indicate an effect of the rocket engine, tests of this nature are .ot con-
ducted for most test programs.
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STABILITY DERIVATIVE RESULTS

Stability derivatives were extracted from flight test data as

both a research objective and a means to insure a safe flight envelope
expansion. A knowledge of the aerodynamic derivatives simplified the
analysis of aircraft motions and made the task of pinpointing problem
areas much easier. In addition, the heavy reliance of the test program
on the simulator made authenticity mandatory, and revision of the sim-
ulator with flight determined derivatives was the most accurate method
of insuring simulator fidelity.

Methed

T™wo methods of extracting stability derivatives were used on the
X-24B flight test program. The Modified Maximum Likelihood Estimator
(MMLE) is an all-digital computer program that was used for routine
processing of data. MMLE is an output error program that uses a
modified Newton-Raphson technique to attain convergence. Features of
the program include a signal noise weighting function (noise covariance
matrix) and an a priori weighting scheme. Both features were used to
determine flight-measvred derivatives. The ease and speed of setup and
execution made derivative results available within a day after the
engineering units tape (which contained flight time histories) was
received.

The second method was a hybrid matching technique named STABDIV.
This was a sophisticated manual matching process that allowed greater
accuracy in less time than obtained with earlier analog matching tech-
niques. A digital computer is used to store and recall time histories
of measured control surface inputs and aircraft response. Equations
of motion are solved by an analog computer in a repetitive operation
mode, and the computed and measured reponses are shown as standing waves
on a cathode ray tube. The effect of changing a derivative can be seen
instantaneously by viewing the standing waves on the cathode ray tube.
while the hybrid technique represents a marked im<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>